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Th~ d e f o r r n u t i t ,n  ~‘.. h~~ ’j ( , r of t~ — !~~‘ ~~~~~~~~ •fl ~1ll~~~~y~~ W i .~

i nv&’s t i’;a ted in the t i•mz~— r ~ ~ ur~ r~~ n ~~ ~~~ 5O(~’ C ~in~I 1it ~~~~~~9U: —

t ions  up to H/N b of 0.9. Hiqh tcmper.tLur~ t~~m il~ t~~~~t~ ; and

fractographic studies were applied to determine the fracture

mechanisms. It is shown that at T ~ 45OCand H/Nb > 0.3 frac-

ture occurs by a cleavage mode. The mechanis:i of this high

temperature hydrogen embrittlement is discussed . The fracture

mechanism is shown to be consistent with the stress induced

formation and cleavage of NbH2.
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1 . I ~ “s~

Tht~ f t ~ t t  of h r Oqefl on to .. t ~r at  u r •  t~~~r)’ ~~ Lt~~t I

pr ()~ )t ’~ t i~~; ~~~ ra( t ur~ (~~~ the (~~ (
~~~~U ‘.1 t r a~~ ; i t  ion r .~~t a s

h¼~~ r 1 t x t •nsiv~ l y . r t ( ’ ~ i~ the 1 j t . . t a t . u r . b  (I). J~>: •s j j ’~r.t ~l

s t u di e s  have q - n ~~& a l  lv  h~ en e.irri~~ out  in a temp~ rat:~e r1~~C~

composit ion range where t h e  s o 1u b iL i t ~’ of h v r ~~’;~~n is l i~iited

by the p r e cip itu~~iori of a h y d r i d e  ~~~~~~ in ‘ : ‘ z i l i b r t u m  wi th

the  solid so lu t ion. In  two n r e v iou 3  i a ib l i ’~~i ti ons (2 , 3) i t

has been shown the hydroqen cmhritth•r~ nt in the Nh-H system

under these condil ions i s  caused by p~~~cip itu t i on  and C 1t~ t v.i’~e

of a stress induced brittle hydi i.iC . ft was also demonstrated

tha t the Nb—H solid solution is inher~•n~~1~’ ductile and fails

in a ductile mode unl es s stress induced hri t1~ hy dr i ~ie form—

at ion  intervenes.

Few studies (4) of the effect o1 hyciroqen on mechanical

properties have been carried out at elevated temperatures and

high hydrogen concentrations where hydrides are not considered

to be stable. The present paper reports the results of such a

study in the Nb—H system at temperatures in the ranje 130 C to

500 C and at hydrogen concentrations as h igh  as Fl/Nb = 0.93.

The Nb—If phase diagram (5) indicates that this region of the

phase diagram corresponds to a solid solution , u’.

2. EXPERIMENTAL PROCEDURE

Tensile specimens having a gage lenqth of 1 .8 cm  and a w id th

of 0.5cm were machined from 0.1 cm thick polycrystalline Nb

sheet .  They were given a high temperature anneal at 2000 C at

5.3 x l0~~ Pa (4 x io
_ 6 

torr) which produced an average g r a i n



j ;~~’ ot  t ut it  () . C l  t h. i ’ L u ) ’ : L  i y Conr, re rut k(}flS ‘ J k  ‘/en

I T )  ‘P , i h l  f I. I1y d ro ;~ I ’
~ COne u t  r.t ’ iO f l~; ~~ r .~ ( ! t t f ~~t~~ nod by vacuum

(‘ r ~: t  r a e t  ion and ~. . e i ; h i n q  a l t ’ ’ ’  t e u v ; i [ ’  ‘ ‘‘ .5? n~ ’i .

Ilyd roqen ch j r  ‘.• i : ~ p r ormed i r t — s j  Lu n ~ HV t ens  i Ic

f u r na c e  mounted or an Instron t(’Sting machine . This allowed

tensile testing in the temperature r Iru4 r • 20—1000 C in a hyd ro-

gen atmosphere whose pressure wis equi1ibra~ed with the de-

sired composition and without cooling through pha’;’-’ boundaries .

Aft er evacuation to 1 x lO
_ 6 

Pa (5 >: l0~~ t ’r r ) hy drogen ,

which was purified by diffusion through a Pd-Aq membrane, ~as

in ?- roduced and the specimen wa:; hea ted . The hydrogen pressure

was adjusted to na intai n the d~”;ired 11/Nb durinq tensile test-

ing and during cooling after testing. Test tenpc ratures were

con trolled to ± 0 .5  C us ing  a Pt—Pt 13% Rh therrocouip le  moun t-

ed next to the sp~’cimen. The tensile parameters were obtained

from the Instron chart recording with the strain to failure . The

~rt r a in to failure , 
~~~~

., was defined as the tens~ lt~ elongation t o  f r .~c—

tL:re and , the yield stress was defined by the “i~ viation ‘rom the

e l a s t i c  loading line .

3. EXPERT’1~NTAL RESULTS

The general fracture behavior of the hicrh concentration

Nb—Il alloys is shown in Fig. 1 as a function of H/Nb and temp-

era ture . Below about 300 C a relatively temperature insensi-

tive ductile to cleavage f r a c t u r e  t r ans i t ion  is observed at

a critical hydrogen concentration of H/Nb ‘ 0.3. At higher

terrperatures a higher concentration is required to cause

cleavage fracture while at T > 450 C a completely ductile

- . _ __7_ ___ • . 
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‘:‘.ible I

An . z I vs I ~; c~ I N j oh i  urn Spt ’r i r’~ ~f l t ;

Impurity Solute Concentr .stion4(at. pu~u.)

S 4.0
Ti 0.1
V 0 . 2
Cr 0.04
Mn 0.03
Fe 0.03
Cu 0.1
Zn 0.06
Zr
Mo 0.4
Ta 10.0
w 5.0
0 6~ — l40
N 330—465
C 40—90

-t-Netallic impurity levels were determiner! by mass spectro-
meter analysis. 0, N and C levels were determined by
vacuum fusion n’ethods.
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I Ct  ur e  beh *v ior i s  (d~served I or  hydrogen ( f f l f l C O nt  ! dtiO fl5 .s~~

t u i :h u S  Il/Nb 0.87.

The macroseo~~i c strain to fa 1 ur’~ dr~rs ~‘~i~~co; i~~ t he H/Nh

u I -re~ises and a:, t he  ~ omp~e i ‘re dt - ere.ises as sh wu j :. u~iq. I

Allo-,s within the region indicated by Mcteava’;e” fail by a

cleavage mode despite the high microscopic duCtility observed

for alloys near the “ductile-cleavage ” boundary. The transi-

tion in the fracture mode is qui te abrupt as evidenced by the

chan de in f r ac tu re  mode which r e s u l t s  f rom o n l y  a sm a l l  in-

c rease  in H/Nb or decrease i n  t emperature  ( F i g .  1) .  ~ few

Nb—D alloys were test-ed (Fig. I) w i t h  rc ’sult s  s i r i lar  to those

observed f or the !~L -H a l l o y s .  s im i l a r l y ,  a l l o y s  p repared fror ’

heavily cold rolled Nb sheet exhibit the same typ e; of frac-

t u r e  behavior as the  dnn ea led  specimens ( F i g .  1) deso;t” the

much hi gher macroscop ic fracture stresses.

In a number of respects the hydrogen related ‘ ractures

at high temperature are similar t~~ those observed at low

temperatures. In ~ irticu 1ar , the observation of cl ea :t r~

f r a c t u r e  in a l loys  which  e x h i b i t  large  values  of s ’r a i n  to

f a i l u r e  is noted . The c 1ependence of the f r a c t u r e  r.od .~ on

I l /N b  at 300 C is shown in Fiq . 2. F i gu r e  ?a i l l u s t ra t e s  the

ductile fracture mode and corn p le~ e “ n e ck i n g ” to ~00’l R . A .

which is characteristic of specirens huvirg conc ’ntratioris

ll/ ~~h < 0.26. Slightly increasing the hydrogen concen trition

to I l/Nb = 0 . 3 0  cau ses a marked change in the fracture mode to

cleavage (F ig.  2b) despite the 18° . s t r a in  to f a i l u r e .  A~

- —.——.~~—.—.- 
—- — -- — .- - —--.‘—----—-- ——-—- - - -



‘ ‘ ; ‘ I i  c a n c. ct t  t , t t  j O f I S  of l1/ t~ 0.7 .in I lt/’;h 0.0 ~ (~•jg~~. I c

.r :~I ‘I) t he  Lii lu re moh ’ 1:; lc.i ’.’~I~ • t r t ’ I  the i~~er’ scou’ic , t  r~* i ~~

t o  ~. t i  l u re  i . ;  ‘ u t - i t  Iv tJ (re.e,,-f I (‘e ~

The cle.i ’’ .iq ’ — d u c t i l e  Er c r t  t i r e  t r a n s i t  iOn ‘ ‘ u  irlereu:; inq

the  t empe r a t u re  is .i L so ab r u p t  is  i l l u s t r a t e d  i n  P i q s .  I and 3

t o t  I l / Nh 0 . 7 .  I rucre’a:; i flg t he t empera ture  I r c’n 1 30 C t o 300 C

had l i t t le  t f t ~~ct- on t h e  macros -on ic  s t r a i n  (— ~ fl) or on t h e

n i cr o s c opic f r a c t u r e  behavior , the I a i l u r e  mode being cleav ~ice

(F ’ i e s .  3 a — d )  . On further incr.- ’.ising the teuir,t rater ’ to 400 C,

th’ macroscopic strain to fat lure was increas~d t o  5.’%, ‘ii-

thouch the fracture mod” remairs’d cleavage (3c) . In c re as in i

t h e  t empera tu re  t o  450 C lead’-  to a complete return o~ duct i—

i i  ty in  both mac ros( --) ~) ic  st r i  in and in  nicroscop i C r  Ia j  j u t e

mode (F i g .  31) as the f;: et~imen f a i l s  by d u c t i l e  neck i ng.

Fr~ict oqraph ic  s tudies  i n d i c a t e  t h a t  crack t . r n p ~i g a t i on occurs

tr~nn~; iranu1arly along the illO ) (referred to the b.c.c. ~~~
‘

ur u i I cell) . When the ~ 110 ~ fracture p1 ane is .wpr - on.: in ite ly

norma l to the tension axis the fracture surfacec are mu te

f l a t and pl anar  (Figs .  2c and 3b and d)  w h i l e  mor e  h i g h l y

fa(”ted cleava-je is observed for less favorably in ~ l i n e d

t l1O i planes (Fig. 3c and e). The appearance of “ sp l i n t e r s ”

and secondary cracking on fracture surfaces is si n ila r to

tha t  observed in low tempera ture  f r a c t u r e  of Nb—H alloys (2,3)

and is consistent with fracture through brittle phases of ap-

preciable thickness.

The fracture surface energy of oriented single crystal

specimens having H/Nb = 0.81 and tested at 138 C was determined

- i— - - — 
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t o t  h e  h the I t O )  and , I00~ t ractute r~1ani .~s. ‘I’he c r ’,’st i *l s

re tes ed in t h r c e  p0 i u t  bend i nq wit h ~ ~ ir~ax ir : um t en’; i I~•

str~’s; be ing  ~~‘r n e rud i c u L i r  to t ) ie de s i re d  f i a c tu ’ e  p l .tnc ’ . T h ’

~; ‘ci nens were pre—cr ucked using a :;pax ~. di ‘;churge t •~chn L jut’

the values o~ the critica l stress Inten’;iiv f a ct o r  . i :u J the sur-

face energy ‘
~e f f  shown in ‘fable iT ~•.‘ere dett rr’ined tiSifl (l 1ine~ r

eI.stic fracture mechanics . The ~. 1lfl~ cleavage sur~ IC” w i

planar while the ~l00)~ was hi ghly faceted as shawn in i ’i t.  4.

The cli avage fractures were not accompanied siqn~~fic int dcforn-

at ion as indicated by the electron channel  patt”rns (Fi’;s. 4c

arrJ d) obtained f rom the cleavage surfaces. These pa tt ’ rns ,

which were obtained using 200k~’ electrons, are i n - l i c - i t i v e  0 ’

t’la stic strain beinq less than about 26 within 1000 ~ of the

cleav tee surface . The values for t h e  [ 1 0 0 1  r l eav i re su r f ~icn

(nercries are hici h , in n a r t  due to the  h i q h l ”  faceted surface

and the concominitant underes timate of the surfacr. .irea.

4 .  DI SCI J SSION

A number of mechanisms have been u r o ry sed t.o account  for

hvdroqen embrittlement. In hv d ’o s~’n solid s o l t i t i r . ’-t s , a “ l a t t i ce

d’cohesion ” model based on the co:tc,’nt that hvdrr~i ’e lowr~rs the

“ cohes ive energy ” of the meta l  m a t r i x  has been sia~;’ stt ’d b”

Trejuno and develoned by Oriani (7,8) . T h i s  postulated do-

crease in the s t rength  of the a t o m ic  bond i ri~; d i n e  t o  hvdre ren

is cons i s t ent  with our o b s e r v a t i o n  of a sha rp  d uc t i l e  — cle~iv-

am t r a n s i t i o n  a t  about H/Nh 0 . 3 0 .  The r n e c hr r u i sn  is however

in  d i rect con t r ad i c t i on  to the measured cleavace s u r f a c e  eneroies

a bo u t  10 .8  J/m 2 for  the observed ~ll0~ fracture r)iane.

- —.___‘--— ___-,~~_-
__
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Table I I  E f fe c t i ve  F ractur .~ Surface  F n e r q i ’s

C lea vage
Plane

1.110) 10.8 ± 0.5

[100) 32.2 :‘~. 
0.7

__________ ___________________________— -.
~ 
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\•a I I~~~(’ ( i f  t ~ 
. r ;ii r fo c  e~~~~

, i o n  ;“ I r. I n ‘ lIt ’ i . e  .‘ nu ~~r : ii Iv
(
~i , i O )

~~~~~~~~ .‘(I f o ~ ~~~~~~~ I s  h~ ; . • n ’ ~~. ’ ~~~‘ !~ .‘~Ir (,c ’ ’ u u

an d  suq i’ st:; th a t rio s’~ irn j~ j t . i ~~. t : .dnc ~ t on  ‘1 ~~irf .u- ’ - . rue r ’iv

citn s even ~n t  t he  v or  y h i j h  /~.h ~t t  b y . - ; ~es ’ ~ d .

The conclusion tha t i t en i c  l~ n d i r i ; t~ ; i u ’ . t  n . ’hu :e’I 1 . .  II

in solid solut ion is t;upported by z & - c , e ~t r i  - i ~~r ’a ~~ it ’ ’ r  ing

re u : ;u r om e n t~ which h ive to~~r ; th  i t  d e u t ’ r i

the  phonon f r e q u e n c ie s  in  both the  ~ ‘r ’; i tud  m l  a:id r.ins—

ver se . icoust  IC  f)h onon b r c~cht•s  of he d isper s  i t i f l  c u t  •: - 2 or

b .c . c.  r r ’ ’ t . n l s .  The t nr r r eased  ph~~ruon f r e ’ ;u en c i ’ s  d ’ - ; n r  t t h e

v e ry  I i i  q~~ vol u:ries of solution , s i t  j u s t  incre~n::es in he Lu ’ -

i c~ ’ 1c,rc~ c or i s t . i nt s  due to the • I a ~~e r i u m  rat h er  th an the

decr. u u . ’ s  pos tu l a ted  in  t he  “d’’coh~e; i on ” r - u d. ’l . (n .;1 j o t

( 12 )
e ’t  a !  h ry e  related h~’ fri c~ ure ~; t i r t . uc , ’ i’:. ‘ r ; , ’ t o  t ’

l o n q i t u d i n  i i  ~ honon f r equency  at  t h e  B r i l  l o i n  ri Zon .  h ‘ii:u ’ ilrv .

‘ l i l y  increases in these f r e q u e n c ie s  w h i c h  a r e  obr ;erv.~d on nib ,’—

i n :;b with cj ’u t e r iu m  su :~~est  ‘ri increase in a t ,~~ic ~~~~ sir ~t h

arid su c face  encrqies and t h e r e f o r e  m d  ~ e a t ’  th i i  I he c k . ’ ; .e V e  I

t : r h r  i It lemen I is not re La ted to we :ikrtu i q of a (fl~~j c

I t is also unlikel y that the hi ;h t (-~’p :’r .ttur . ~~ h r  i t l t ’r ; n~

can i, ’ ac c,unted for by sol id  so lut on st r e r ’:  ~ ~ i .e. b y

in in c r ” .c;e in “notch sensitivit y.” On l v  a s n u b !  in c rease  i n

v i  o l d  s t r e n g t h  is observed as the hy dro ’j on  c ntrat- ion is

i increased (F i q . 5) and in the io;.; r cc r icen t r.n I °nr; ri ) i ncr e u i;e

occu rs. This is in contrai t to solid ~;olut ion siren ; ihc’ninq

w h i c h  is usually manifested at the 1~~’..’ conice ntrrI i o ns .  S i n c e

— — -. - - __________ — _ __



ci

h I qh by b r a ’ c. I i F is i • ‘.‘ 1 I I t  w~: ~ o I i~ t 0 a ’  r o a r  ‘ 5 I i )

.~ 1 i n - ;  w t h : ‘y  n t  <I i s  r~ t o ens  a t  v.•  I oc i I .15 h i  :~

t~ .e r’’te’rs/s.•c~~ 
~~ i t r i o : ; r , h . - r , t ,  e 4 1 1  ‘I  ~~~~~~~ a~ . f e e ’  ive di~-

lu c u t  ton ob~~t s - ~~~~~-; . ~
‘ ~r .’ uv ~~r • ~~b sp&’ci r” .•r ’. stret ’jth. n.’e k.

cold ~~ r k had t ~ ~~~~~~ f r  - ,  
~c e - b a r t er  as u... ’ 11 i s u  ‘led

r ;~~. - c i m ~’ns ( 1’ u r .  I) su ;~ ;~ ‘s i t ;  tha ’ sou l so l i . t  t o r i  sI  r . •n ~~’ h . e i —

IS  r i o t  t~~~- d i r . - c  - iU ~~.’ 0 ’ th e ‘u g h  tertpt ’t a t o t e  er h r i t  I , . —

- n t  ( uh~ .~rvecl

The q. ’r o~ r . u l  t r . i c tu r e ’  beh e / n o ,  observed in~ h. high t e r~~.~~t —

~b—Il a I Icr .-s c u rt b~- ,cc~~~~u n t , d  for by $ he ~~t r :;’. jnid n~
.

l r e c i u i t a i i o n  u r i l C i $ • . i ’.’ t r ’  o f  ~ (~~ h !I
2

) h - n b r i d o  a~ t he a d v . t n cj n ;

c~ t~~~ : f r o n t  in  p 
~~~ ~u ninbo;o u: ; t o  t h~• ri l u  I t  i i ~~- f ~ describe l ‘

H lo.~ t •  - r . i t  ‘i r e  fracture b eh av i o r  of  ~-~b — I i  a l l o ys .  In

t h i s  n e c h - i n i r - ~, c l o t  ~ occ ur s  and t c ’r r ’ j~ ‘ es t h .  p I s tj r

d e f o r r at j o n  0
r 

~~ alloy ~.h’’n ,u s I  r e s~~ jn ,’l ’ic ’ t be t itl e hydride

fort : :;  and u n d er  r n  c l o a v ,u ;e. T h i s  occurs at  a st ress  ( -- ) f le~~f l —

t i ( t ; ( r l  w h i c h  f l a y  r .’ ; u i l  r (~ -i IlO IChOS Or d i .~ I O~~- i ~ ion pi~~~~

a n I  at  a r a t  ~;hich i s  d et e r n ’i r -u . ’d  by dii f u s H ’n  of t I i ~’ hv ~r gcn

t o  t i  s t r u ns  c o : u c ’ ’r t  r a t  j on . ~ r i r k  } ) r u J : . o t e  j o~ occurs k . .’ r s ~~ i t  —

f r r , t i on  an d  ci av iqe o f  the  hy d r i de . !~~i.
. t h e r ~~’ l v r. t m i c t ;

of  t h. e g ui l i l r u i  b t ’ ;een  t h e  so l id s ol u t  i n n  i n !  t h e  Ii ’’ r i d e

is af ~~er I e d  b th u s tu ns field it the ~~i i c L ~ I I ; ’  w i t h  t en s i o n

stn a~-,es incr .’asiuiu; the hy drid e ~;n l vus  t ein u • r t u :  ‘ . Tb.- strain

failure ref1r~- t s t h e  t - u r ~H r J t u t .  .u ’ i ( !  f l o w  ~~t c . o S  s i n c e  1: : ’ i r

is. ’ fol l a~IecI b y du c t i l e  fract arc ~ i l l  occur u n l e s s  t h u  hy dr i t

i s  f o r me d . On t h e  b a s i s  of t h i s  m e c h a n i s m , t h d u c t  i Ic — cleavage

r ite ; i l i o n  corr( ;p u r ( h ;  t o  the h y d r i d e  solvus I :~~~, r . t t  nrc un ter

— __-e __ 
~~~~~~~~~~~~~~~~~ .- _-;-— ‘____ —



t h  t~~~~~~~ ’ ; ;  h u t !  i t th ~~ (n , ’ ~t ~~~~~~~~~~~~~~~~ 
~~~

li’v n r • !  t t ~c ’ iu ’r a t  ~r .~s t w’ ! ;y t l r  id :. c l i i  ( l i i i fi ’ i n t h

5 )  I r d  so! i t  i :  a a I ‘~ 
I V ‘~~~‘ i 5 *  t C )  - n t  r i 1 1 1 ( 1:i- 01 • I

• ‘ .1 a u n~~ hI I : t h  n ph i . . • c. • r t ‘ . r ed • ii a ml . 
• 1

2 . Th

.c .  or t h o r h omb i c  ,
- r h -u s e  fo~ :uu ; t oni  ‘!~‘~ LI. ’ r ’u u  . ...‘i lb . ! s i’

2 vo I um~ in c  rea ~~~~ 

15) 
Tb’~ ~ h , ’ !  r j  t • ha s a rut) j e  f t  our  i + -

st runt nrc and forra; I ror~ the  ~ ‘ w i t h  about  20~ j f le~ .•i ; —  o~ I l -
( 1~~, l5 )  -r - 1 1 V( i i  um *~ at  200 C. The i n L i  ;n . .n ( :.  • ( i t  l i t  O X ’  • m i  I

t -  s il o  st r e s s  on t h , . o q u i l i b r i u n :  b et ~ ..~ .’n t h e  ~~~~
‘ So l i d  s ’ l : —

~~ ari d the - a n !  ‘
~ 

h y d r i d e s  r a n  b r u l c u l  i t  ‘ l  by . ippl ’’i :; ’;

h . t h rm odynaun i c s  of  :;~ r ssed n o l  id s~ 
~(~) 

,~~ ~ : ; c u i s u~~~ r b  f o r  t I -

~~~~~~~~ € q n i  1 i b r i u~~. 
fl 7) Us i i i ’ ;  th -nopro.tch of 13i r n b a u m  c t  , I I .

S t ret ;:; i nduced  i n e r u as~.s in  t ’ i . .  
~~~~

‘ . , s o l v t n n ;  t p nu .~ r n t - u res  c m

be e s t i m a t e d  to b~ about  25 C f o r  .i b i a x i a l  I ’ re; i J o  s t r • r ; s  of

~~~~

‘ 30 .  ‘ i t i : ;  in c r ’ is~ I: ;  c o n _ ; i ’ ! . ’r . ib : ! y :.~:il l cr thin t h . . r ) b u s .~ r v .( i

d I : nc be t  ~~~~~~~ n t he . ;.:p. r i nen t I Lv bs.’ ‘ \‘e(I ‘ ~~
. ‘ I -

solvus tur:H r :‘‘ro (X ~ ‘‘rn a l  s t r ‘ ‘s i : . m d  the cit y ye which 1 ‘rn

the  n~~ i l e — b r i t  t l u  t r a n s i t i o n  (I ~ig .  1) .  i t  it - i n f o . - ’ i~~~~~i r s

t h at  st  ross induced ~ hyd r ‘ f t  can n ot  tee  u~ n it  I o r I he h i di t OP’ p ’  r —

a t a n e  f r v t r i r u  I r m n : ; j t  i o n .

~-;in ’. the if — ‘
~ 

t r a n s i t  ion i s  ,,cconr t ru ed b y  i m u c h  u n i t e r

VO 1IL’V inc r isu_ . t h i n  t h e  u ’ — , t r , i r i ; i t  ion it 1S e~ p’’et’’! t )

‘ ; : t . i  h :  t mu ch  gr e at  ‘ u  i ncr e a s es  ol t h e  n b a ;  •r ’ . ’ ’d s olv u : ;  I

(17) - .
i i i  r o  a w i  th  e Xt .  • r r u t  I n I rc•ss . A T m  1 y i n o ;  I hr .  • I I n  t imflfl ( 1 V r u n  Pt I ( ‘5  0

st r ~~nn ’ ’d sob i d s  t o  the  a ’ — ‘
~ 

e q u i l  h i  i u n :  ia su 1 t r ;  i t t  t he  f o l l n .~—

1 1 ( 1  e:-:T r e s u ;m o n  f o r  the  i r i c r ( ’a a ( ’  i n  solvuu: ; I ~~~ r i t u r e r ;  d i ; . t o

he e .’’ r s i h i .  w o r k  done by iii ‘‘> : I ‘ u n i  I h i  ix  i i i  51 r o s s  lie] d

- -~~--—- -- - - .. -. - S - -~~~~~
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•~‘I’ T~ - T~ 
- 

~~~~~ -~~~~~~11 > 
( I )

u..: t , -r e  ij is th ~~~~ i r t cj pa l r t o r r ’ t l  stres:;, ~•V is t h e  mol d vol :rrre

i n c r e a s e  on f o r m i ng  the  ‘~ h y d r i d e  f rom t h e  u ’ sol id  s o l u t i o n ,

C11 is t h e  mole t ract  ion of th e  hyc lr oqen , 1 i s  t he act i v i  t v  c~ nf—

f i c i e nt  of U in f , n : t : i  T° and T t are  the u.’ — 

~ so l vus tempera—

lane s for the cons t ra ined  h y d r i d e  Linder i~~ro str e s s  .it i i t i nde r

a biaxi al tension stress field. 1r a’ is assu d to be an ideal

s o l u t i o n  the solvus temperatures w h i c h  r ” s ul t  f r o m  t h i s  r a l c u l a -

t i o n  are  shown in  F ig .  6 fo r  an e x te r n a l  :;trest ; of ~ / 3 O .

The d e r i v a t i o n  of Eqn .  1 assumes t h a t  the ( ‘ 1 - i st i c  m d  plas-

tic accommodation urocesses are  not  a f f e c t e d  by the ext rna L

s t ress .  In a d d i t i o n  to the inc rease  in  the  so~~:us t e rrup er ~~ture

g i ven  by Eqn . 1, the stress cart also decrease t he ucr ’)r ’rlo d ut ion

f r e e  energy  by t i d i n g  the f o r m a ti o n  and mo t ion  of the prismatic

d i s l o c a t i o n s  necessary to accommodate the  m o l a r  vo1u i r ~~ i ’  r i nse . ~‘7)

T h i s  n o n — e q u i l i b r i u m  e f f e c t  can f u r t h e r  increase the  observed

solvus t e m p e r a t u r e  towards T0 , the e q u i l i b r i u m  s o l v i r ;  t .- ’;-u p er i—

t u r e  for  the  u n c o n s t r a i n e d  h y d r i d e  under  st r cr -e; .  Th i s  I ” :’iper 1-

t u n a  is the upper l i m i t  fo r  the  st a b i l i ty  of t h - • ~ t v l r i d e

u n d e r  s t ress .  The f r e e  en er gy  of t ho s e  e la s t ic  and j u l  u t ;  tic ac-

commodat ion t e rms  can be estiurr ~ited by :

~ 2200  c a l/ m o l e , ( 2)

where a = 1 + ~~~~~~~ she ar  niodu I us , ~
-: b u l k  m a I m  lu s ,

- --~~~~~~~~~~ -- - • - _



I -i

~~
‘ V o l  a n  V() I t ime ( 11. t I1 (je  Oh I Oi! ’t i nq I i o’ u c ’ , a u !  \ in  he

rat I i t  vol ume ( i f  t f t  ‘ u ’ s u I i i i  t~ ii n i t  i ’ . The I r u ’’ ‘ 1 1  e~ 1~ r~ I

( ) ~~ r u t  1 (51 of. the c u ) n m ; t  ra j r t ~ • t t  
~ 

i n  t i; r h:; ( r O t  o h  ~ t t sr ;  ( , j fl

be u ’s  i i  : ;m t t e d  f rom the nhs.~rved ~~ 
‘ — ‘

~ 
sd vizs to h~• about:

1800 cal/mole and therefore the total t ree en ’•r ’ ;v  r h i n ’~~’ I t

t h e  if -. ‘
~ t r a n s i t i o n  in the  absence of any V O I U n I C  c o n s t r a i n t s

is LG~0
’
~ 4000 c a l/m o l e .  The e q u il i b r i u m  so l.’;cs temperatures

to r  uncons t ra ined  ‘
~ 

in equilibrium with a’, T0, can be de te r—

n in e d  f r o m  the f o l l o w i n g  ‘-xpressiori :

~
‘ 4000 cal/mole  2RT ° l n ( I C

11
) ( 3 )

and . ur e  shown in Fig. 6 as are the cmi i  l ib r  i u;r r r n c :o n : ;  t t r . t  I

solvus temperature.-; under a b i a x i a l  t e n s i o n  s t ress  of ~:/~~O ,

‘i’~ w h i c h  are c a l c u l a t e d  f rom Eqn . I .

The if is me t :i s tahle  between T~ and T0 at ,ero streat;.

The ap p l i c a tio n  of an e x te r n a l  t ens  i l e  s t ress  i c e r o m s - ~s both o

hose solvus  t e m p e r a t u r e s  an e q u i v a len t  amoun t  to T~ ~mr ; I T0 .

Since the ex te rna l  s t ress  does not. decrease t h~’ • r c :nrt m e i t t i o n

f r e e  energy  terms comp l e t e l y ,  the observed s olvu s  t o u np er at -un

w i l l  1 i:’ between T~ and Ti’ . The e > :f ) ’•r i m e n ta l l y c,hsorv .tul d u c t i l e  —

clc-av<mqe t r a n s i t i o n  t e m p e r a t u r e  l ies between T~ and :ms shown

j i t  F ig .  6.  There fore  the phase f i e l d  w h i c h  comr t s  on d : ;  to the

observed cleavage f r a c t u r e s  l i re ;  w i th i n  the  r egion  in  which  ‘
~

h y u l i  i d e  can be formed unde r  an ap; l i .•d tens i le st re s s  and the

f r i c tu r o  tr a n s  i t  ion t e m per a t u r e  cam be cons I c lon ed  to be the sol—

vie ;  t em p e r a t u r e  u m u c l u ’ r  s t r e s s , ‘I’~ . The L nc r e~i r ; i  u i - i  d i f f e r e n c e  be—

- ‘‘ • —_ — - —  - a - — , ... 
~~ 

- _
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twu -
~~ nr I ! m t ~ ( I U C  t~ I I ~ — c 1 i v,u i n ’  I r a ru S it i e r r  I ‘ n j  t -  i t i i i  - , wh I cli c r u x  -

Ui ‘St  a m d s  t o ‘r~ , a tic! T0 .th ~ve 4 00’ C in i ‘~ r nm I t  I m u  ,r n  t he ch a - re . ; —

i re t  y i . ‘1 d st r e n u i  t h w i  h i n c r v ,n s  i r ig f t  ‘ : m ~~- r i  t u  r° i u s a -  ‘j’
~ ( j Cr ) ( ’r i

on n t  ress~ lhe str essc~s , t t  ( ( l i n e d  j r  i er  t o  d uct  i t o rupture

. m e  expected to decrease as t h e  test t e n mp er r t t u r e  is  i n c r.~~ised .

The f r a c t u r e  b ehavio r  observed i n  Nb-H ~i l  loys  a t

t empera tu res  can be accounted fo r  by str ess  induced  ‘
~ h y d r i d e

at the advanc ing  crack f r o n t  in a mechanism s i m i l a r  to t h a t
(n  3)shown ‘‘  to account  fo r  the low t empera tu re  emb r it t l e ;~e nt .

This  f r a c t u r e  mechanism suggests  t h a t  at test temperatures belca.~

the ~ phase can be formed at stress concentrations due to

the effects of external stress on the u. ~ phase equilibria.

The ‘y hydride is known to be a b r i t t l e  phase U S)  which  the re—

fore cleaves af ter precip i t a t ion . The process is then repeated

at the new crack front and the cleavage crack propagates at a

rate which is controlled by d i f f u s i o n  of hydrogen to the crack

ti p and the fo rmat ion  of the  y hydr ide .

The isothermal concentra tion dependence of the fracture be-

havi or at  30 0°C can be accou nte~i for by this model. At C
1

(Fig. 6) , T > T~ so that  stress induced precipi tation of y can-

not occur prior to ductile failure . At a concentration such as

C2, T~ > T > T~ at the maximum stre.;s reached during deformation

and ductile failure again follows. At C > C3, T < T~ at the

stresses a t t a i n e d  prior to ductile fracture and precipitation of

‘~ followed by its cleavage occurs leading to cleavage fracture

after plastic deformation. Since work hardening is required to

reach the stress to form ~~~, the strain prior to cleavage failure

w i l l  decrease as C
H 

is increased and the undercoolinq (‘r° — T)

S_ _ _  - - - - - -- - t— —



I Ut ’! u a ;u ’:;. ‘i’li ’ ~~t . 1 ) 1 1  p r  or  t o  I r . n o t  1I ! ’ w i l l  ~i 1 so de~~ r ‘ : : :‘ -  , u : ;  it

‘ Sr i  1 1 f t he i r l ’ • ’  u ’ I S . : L I  f l e  ~ s t t . 5:; wh i oh a r  ‘ i i i  S I m o r e - i ’;  —

l i i ’ f l ’ & l t ( i u j t ’ T l  c e r t~~~- r : t  rat : j o i n  and f rcs - i l l ’ .’ o t h e r  r ; oluttioi: t r er i  ;~

i rig . A s i m i l i r  r;e .jtr~’nc’e oI behavior can he ob~~.’r v i l  or. decro~~- ;—

m g  t he test t e:nnerat m ir e ~i t  c o ns ta nt  ( ‘~~~ . Thus th ’ ’  ex p er i m en t  u l l y

observed behdvior  i s  con ’~i s t en t  w i t h  t h i s  mechan is i ’ t . C l e r m v , m - ; m -

f r a c t u r e  due to the  s t ress  induced p r e c i p i t a t i o n  of the ‘
~ phase

is expected to be r e l a t i v e ly  con t inuous  and r a p i d  an  a r e s u l t

of the h igh  hydroaen c l i f f us i v i t y  in these a l l oys  (I) 2 x l0~~

cm 2/ s u c . ) .~~~
8

~ Once a s t ress  which is su {f i c i en t  to s t a b i l i z e  th . ’

~ phase is achieved , the macroscopic d u c t i l i t y  w i l l  be t e rmin ated

by c o n t i n u o u s  p r e c i p i t a t i o n  and cleavage of y a t  the a d v a n c i ng

crack t i p. The observed (1 10)  c leavage p lanes  should corresoond

to ‘
~ hy dr i d e  c leavage  p lane .

The t empera tu re  and concen t ra t ion  dependence of the y i el d

s t ren gt h  (F i g .  ¶~) is also cons i sten t  w i t h  the s t ress  induced ‘,

hydrid e formation. The increased yield stress in the tempera-

ture—composition range which is characterized by cleavage frac-

ture may be due to ~ precipitates which form in the tension

stress f i e l d  of d i s loca t ions and act as e f f ec t i v e  p i n n i n g  poi nts

to dislocation motion.

5. CONCLUSIONS

The Nb-H alloys having compositions 1I,’Nh > 0 . 3  were shown

to fail in a cleavage mode at temperatures less than4~~OC. The

strain to failure decreased as the temperature decreased and as

H/Nb increased . Measurements of the fracture surface energy of

the alloys which failed by low ductility cleavage gave values

— ‘ ._.—_- — — —S—- -?— — — ~ - - — _5___ — — —.—— —



wh i ch were  t y p i ca l  of b.c.c. flk’t .l l :;i n r f e ’ . en ’~ r q i - s .  Itydro—

q e r i  i n  s o l i d  s o l u t i o n  doer ; not  a}rpc. i r  to d e c r ea se  the  e f f e c —

t I ye su r face energy  of the  n i o b i u m .

The experimental results were accounted for by a stress

induced hydride fracture mechanism. In the hicjh temperature

range it was shown that the hydride associated with the frac-

ture was most likely to be the y NbH2 hydride and that  i t  could

be stress induced over the temperature and composition ranges

in which cleavage fracture was observed .

5- 
- 

— ——S -- - .5— 5 - -  - 5 —  5______  ---.___- - . i— ~~ 
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I - i  .t . 1 . ~- t  n~~i i i i  i i  I ure ~.:; t I ! I ~~~~. ’ i  . 1  ‘ . i i ~~~~ ’ ~~~~! (‘‘~~~‘i~~ — - a ; i t  ‘ w I

t he h i qh t emp r. it ii re • i ii oys . [h  - d I a .1 r. r; Ii i’ r I Ir , —

posed o~~, ‘r t h e  f i b — l i  o!i i n c  (I i i ’ : r s  - ( . i ’ t - ~~~~~ i I i i  and

Chandler Fef . 5) . The d o t te d  l i n e  ( . • . . ) i nd l o t ’

the duct i Ic — cleavage fracture trans i t  i o n .  Tb. ’

type of f r a c t u r e  morp ho l ogy observed  is i rid i cat .  d at

each da ta  point  w i t h  (~~~) denoting ductile fa il u r e and

(o) denoting cleavage . (
~

) denote:; duct ile failure

and ( v )  denotes cleavage  in  col( 1 worked  n i o b i u m  spe. ’i —

mens; (+) denotes ductile failure and (*) denotes

cleavage in deu t er i u m  doped sp~’c imen s .  The percent

strain to failure is given next to each dat a point.

N.M. indicates the strain to failure was not. r:u’inured .

All tests were run at = S x 1.0 k sec ’.

F i g .  2 .  F r a c t u r e  s u r f a c es  of n i o b i u m — hy d r o g en  al  toys t ‘:;ted

at  300 C. The f rac tog raph :;  aro f r o m  spec linen: ;  t e s te d

at composi t ions  of ( a )  Nb 110 2 6 ,  ( h )  Nb !!
0 3 0

, (c) Nb!!0 7 1

and (d )  NbH 0 9 3 , at 5 x ~~~~ sec ’.

Fi g. 3. Fracture surface of n i o b i u m — h y d r og e n  a] icy:; tested at

a composi t ion of Nb)!
0 70. The freictoqraphs are

f rom specimens tested at. ( a )  130 C, (b )  1. 50 C , ( c )  200 C ,

(d) 300 C , (e) 400 C and ( f )  450  C , a t  = 5 x 10~~ sec 1.

F ig .  4 .  F’ r . ic t u r e  s u r f a c e s  of Nb !!0 8 2  s i n g l e  c r y s t a ls  t e st e d  at

138 C w i t h i n  the cf phase.  The f ra ct u r e  p l anes  shown ar c ’

the (a) (110) and (b) (100). The arrows i ridi c i t i ’ the

positi on of the spark eroded precr.ick. Electron channel—

—
- — ‘S’s.-.— - ~~~~~~~~~~~~~ - - -~~~~~~~~~ - -- - —~~~~-
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I i i i ~ i t  I .  :.~ ; i’i. t - r u - i :  ‘ i i ~ t t ‘ I i  r . 1!  : ; !u  i?:;r i

( c ’) c i  (~~) t ’ . ’ LI • I ! ( 1~ ~~~~~ l~~i~ : y . n ’ t  t i n ’  ; I a n - ; ,

r t ’:;~~~ ’st  j ~~ I v .

r ig .  5 . ‘I’he t . ’ r i : ; i 1.’ v i .Icl s t r. ’ r t I 1  o f  Hi~ t u i ’ ; l i  t p e r - i t  u i r ’ ’

a l l o ys  vs t ’ -: - -: . r u t i i u u  .ini co;”;’osi t j n f l~ The t ’ : ; t i

t~~-m~. a ’ r u t u : c  i s  ind io ,it i-d [or each cu r v e .  Tests wer e

r u n  a t  ~ 5 x ~~~ sec~~ .
F ig .  6.  The ef t eeL of st r e s s  on the Nb— Il  phase di~iqr arri  in the

v i c i n i t y  of t h e  .~~
‘ + ‘

~ 
solvus.  The e q u i l i b r i u r  solvus

temp.’ratur (. for ~ h y d r i d e in the absence of volume con-

straint :; ‘..‘is calculated using Eq. ( 1 )  and is  shown as

(—. -- .—) . The i n c re as e  in both the experimental solvus

and the equ ii ibrium soivus  due to I h-s reversible work

done by a bi.i:.:ial tensile stress of ~.i/30 was calculated

f r o m  I’:’i . (1) and is shown as (~~~ — —— ——) and ( 

r e : ;r ) c ( ’ ti ve l y.  The clc- .iv ic jn  f r a c t u r e  t r a n s i t  ion is

shown as ( .. . .) .

- - -~~~ - --- — -_ - ——-- - —  -— -‘ - ‘ S ~~~~~~~~~~~ ~~~~~~~ —
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